Abstract. Angiogenesis is an important mechanism that protects tissue against necrosis following acute ischemic injury. The aim of this study was to investigate whether the Toll-like receptor 2 (TLR2) signaling pathway is involved in angiogenesis following ischemic injury by cell migration and lymphocyte invasion assays in vitro, and a mouse model of hindlimb ischemia by ligation in vivo, respectively. To assess the potential role of TLR2 activation in endothelial cell permeability, HUVECs were pretreated with Pam3CSK4 and analyzed using wound repair and transwell assays. The results showed that the TLR2 agonist induced human umbilical vein endothelial cell (HUVEC) migration and increased the permeability of HUVECs to lymphocyte. The lymphocyte invasion of TLR2 knockout (TLR2 -/-) mice was inhibited as compared to that of wild-type (WT) mice. In the mouse model of hindlimb ischemia by ligation, blood perfusion of operated limbs was significantly lower in TLR2 -/-compared to WT mice, 7 and 14 days after ligation. TLR2 -/-mice showed a decreased CD31 expression in ischemic gastrocnemius at 7 and 14 days after ligation, reduced interleukin-6 (IL-6) level and lowered tumor necrosis factor-α (TNF-α) levels. These findings demonstrated that TLR2 activation promotes cell migration, cell permeability and the lymphocyte invasion of endothelial cells. TLR2 activation promotes angiogenesis in vivo, which may be associated with the serum of TNF-α levels and IL-6 release.
Introduction
Atherosclerosis occurs in all arteries, inducing acute arterial occlusion, which may lead to a sudden decreased blood flow in tissue, resulting in cell necrosis and even death (1) (2) (3) . The collateral circulation produced in the ischemic region may limit infarction size and improve organ function. Ηowever, the slow process of collateral circulation formation is not sufficient for the needs of ischemic tissue. Therefore, therapeutic angiogenesis is necessary (4) . Toll-like receptor 2 (TLR2), whose coding gene is located on chromosome 4q32 (5) , is an important member of the TLR family. TLR2, expressed most abundantly in peripheral blood leukocytes (5) , is able to recognize bacteria and endogenous ligands that activate nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) (6), playing an important role in inflammation, immunity response and tumorigenesis (7) .
Following ischemic injury, apoptotic cells may induce a wound healing response, release of inflammatory cytokines and the recruiting of inflammatory cells, all of which are important processes in angiogenesis (8) . TLR2 deficiency induced renal injury, in renal ischemia/reperfusion (I/R) (9, 10) , and reduced infarction size after I/R (11) . Administration of Pam3CSK4 prior to myocardial I/R reduced infarction size, improved cardiac function, and decreased leukocyte infiltration to ischemic tissues (12) . Treatment of mice with Pam3CSK4 also induced protection against cerebral ischemic injury (13) and attenuated cardiac dysfunction in septic mice (14) . Helicobacter pylori was reported to activate the mitogen-activated protein kinase (MAPK) cascade through TLR2, thereby contributing to cancer cell invasion and angiogenesis (15) . The protective role of TLR2 against ischemic injury has been clarified, however, the contribution of TLR2 following the process of recovery from ischemia was found to be different in various organs (5) . Therefore, the manner in which TLR2 impacts on ischemic tissues in vivo remains to be determined.
This study aimed to clarify the potential role of TLR2 in angiogenesis following ischemic injury. Human umbilical vein endothelial cells (HUVECs) were used to assess the role of TLR2 on cell migration, permeability and lymphocyte invasion in vitro. TLR2 knockout (TLR2 -/-) mice and wild-type (WT) mice were used to clarify the role of TLR2 in neovascularization following ischemic injury in a mouse model of hindlimb ischemia by ligation.
Materials and methods
Cell culture. HUVECs were purchased from the Shanghai Touching Technology Co., Ltd. (Shanghai, China) and maintained in RPMI-1640 medium (Genom Biopharmaceutical Technology Co., Ltd., Hangzhou, China) supplemented with 10% fetal bovine serum (FBS) (Sijiqing Co., Ltd., Hangzhou, China). The cells were grown at 37˚C in a humidified incubator in 5% CO 2 and 95% air.
Wound repair assays. HUVECs were seeded into 6-well plates and grown to confluence. A single scratch wound was made through the middle of each well with a sterile pipette tip. Cells were cultured with RPMI-1640 medium without FBS, and stimulated for 30 h with 1 µg/ml Pam3CSK4 (Invivogen, San Diego, CA, USA) and 2 µg/ml Pam3CSK4, respectively. Migration of HUVECs across the wound margins from 18-30 h was assessed and photographed by inverted microscopy (CKX41; Olympus).
Transwell assay on HUVEC permeability and lymphocyte invasion. The Transwell chamber with 3 µm membranes (Millipore, USA) was pre-coated with 0.2% gelatin (Sigma, St. Louis, MO, USA). Lymphocytes were separated from peripheral blood of mice using the density gradient centrifugation method. To assess the effect of Pam3CSK4 on the permeability of HUVECs to lymphocytes, HUVECs were seeded in the upper chamber at a density of 5x10 4 /well, and half of the cells were then treated with Pam3CSK4 (1 µg/ml) for 24 h at 37˚C. Lymphocytes, separated from WT mice, were placed in the upper chambers at a density of 5x10 4 /well with 100 µl 2% FBS RPMI-1640 medium, while the lower chamber contained 600 µl 10% FBS RPMI-1640 medium. To evaluate the effect of Pam3CSK4 on lymphocyte invasion, HUVECs were seeded at a density of 1x10 5 /well in the upper chamber for 24 h at 37˚C. Lymphocytes, separated from the peripheral blood of WT and TLR2 -/-mice, were placed in different upper chambers at a density of 5x10 5 /well with 100 µl 2% FBS RPMI-1640 medium, while the lower chamber contained 600 µl 10% FBS RPMI-1640 medium and 20 ng/ml vascular endothelial growth factor. Migration was carried out for 24 h at 37˚C and 5% CO 2 . The medium was then removed. Transwell membranes of the upper chambers were fixed in 4% paraformaldehyde and stained with crystal violet. The HUVECs were removed and migrated cells on the membrane were quantified using an inverted microscope (CKX41; Olympus). Hindlimb ischemia by ligation (16) and blood flow monitoring. Under sterile conditions, proximal and distal portions of the left femoral artery were exposed and ligated, followed by the excision of the artery between ligation points. The superficial branch of the femoral artery was also ligated. A sham procedure (dissection of vessels without ligation) was performed on the right leg. Blood flow in the two limbs was measured using a Laser Doppler blood perfusion monitor (PeriFlux System 5000, Perimed AB) prior to ligation, and 1, 3, 7 and 14 days after ligation (TLR2 -/-vs. WT mice, respectively). Measurement was performed on six different locations on the leg, and the mean value of blood perfusion was used to evaluate the blood flow of each hindlimb. The gastrocnemius and serum were also harvested for analysis.
Immunohistochemistry. Ischemic gastrocnemiuses were collected 1, 3, 7 and 14 days after ligation, and fixed in 4% paraformaldehyde. Optimal cutting temperature (OCT) sections (5 µm) were sliced and placed on glass slides coated with polylysine. The streptavidin-biotin complex technique was used for immunohistochemistry assay. Endogenous peroxidase activity was blocked using 3% H 2 O 2 . The sections were incubated with primary antibody against the mouse cluster of differentiation 31 (CD31) (Abcam, USA) at room temperature for 1 h. Samples were then washed with phosphate-buffered saline (PBS) and incubated with secondary goat anti-rabbit antibody and streptavidin-biotin-peroxidase complexes. The samples were visualized using a microscope (DM 2500; Leica, Germany).
Enzyme-linked immunosorbent assay (ELISA).
Mouse blood was collected 1, 3, 7 and 14 days after ligation using pyrogen-free tubes (BD Biosciences, San Jose, CA, USA) and centrifuged at 3,000 rpm for 20 min at 4˚C. The resulting serum was diluted 100-fold with double-distilled water. Mouse tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) were measured by ELISA according to the manufacturer's instructions (Boster, China), respectively. ELISA standards ranged from 15.6 to 1,000 pg/ml. The absorbance was measured at 450 nm.
Statistical analysis. Data were presented as the mean ± standard deviation. Comparisons were made by the two-tailed Student's t-test for independent samples or one-way analysis of variance (ANOVA) and post hoc Scheffe's test as appropriate. P<0.05 was considered statistically significant.
Results

Pam3CSK4 induced migration of HUVECs.
The effect of Pam3CSK4 on the migration of HUVECs was assessed using wound repair assays. HUVECs migrated more rapidly in response to Pam3CSK4 stimulation after 18 h (Fig. 1) , while 
Permeability of HUVECs and lymphocyte invasion.
To assess the potential role of TLR2 activation in endothelial cell permeability, HUVECs were pretreated with Pam3CSK4 (1 µg/ml), and then seeded in Transwell membranes for lymphocyte invasion. Fig. 2A shows lymphocyte invasion under basal conditions compared to those of Pam3CSK4 pretreatment (Fig. 2B) . Quantification of lymphocyte invasion was performed in six different fields/chamber under 20X high-power lens (HP), and the mean values were used to evaluate the invasive lymphocytes for each chamber. The lymphocytes were significantly increased by Pam3CSK4 pretreatment compared to the control (102.29±10.60/20X HP vs. 68.69±10.57/20X HP, P<0.001) (Fig. 2C) .
In the lymphocyte invasion assay, lymphocytes isolated from the peripheral blood of WT and TLR2 -/-mice were placed in the upper well of the Transwell chamber seeded with HUVECs for lymphocyte migration. The lymphocytes invasion ( Fig. 2D and E) was quantified in the same manner, and the results showed that the amount of invasive lymphocytes from the WT mice was significantly more than that from the TLR2 -/-mice (145.07±14.49/20X HP vs. 60.92±12.27/20X HP, P<0.001) (Fig. 2F) .
TLR2
-/-delayed recovery from ischemic injury. Following hindlimb ligation surgery, the operated limb showed significant reduction in blood perfusion compared to the sham-operated limb. On the 1st and 3rd day after ligation, the operated limbs showed no differences in blood perfusion between TLR2 -/-and WT mice (n=6/time-point/group, 24 (Fig. 3A) .
To reduce the effect of individual diversities on data, the results were plotted as a ratio of operated to non-operated leg for each mouse, which reflected the recovery of ischemic leg. The recovered blood perfusion of operated limbs in TLR2 -/-mice was significantly lower than that in WT mice, on the 7th and 14th day after ligation, however, no difference was detected on the 1st and 3rd day after ligation (Fig. 3B) .
-/-inhibited angiogenesis following ischemic injury. To identify angiogenesis in the ischemic muscles, ischemic gastrocnemius muscles were collected on the 1st, 3rd, 7th and 14th day after ligation in order to detect CD31 + endothelial monolayer lining the lumen of vascular structures. TLR2 -/-mice showed a reduced CD31 expression compared to WT mice on the 7th and 14th day after ligation (n=6/time-point/ group, 7.63±1.41/40X HP vs. 14.17±4.07/40X HP, P=0.001; 7.44±1.42/40X HP vs. 13.67±2.92/40X HP, P<0.001). CD31 expression was also detected on the 1st and 3rd day after ligation, although there was no significant difference between the two groups of mice (Fig. 3C) . -/-mice was significantly lower than that in WT mice, on the 7th and 14th day after ligation. When compared to those of non-operated limbs, blood perfusion was significantly reduced in the ischemic limbs in the two groups on the 1st and 3rd day after ligation. On the 7th and 14th day after ligation, blood perfusion was still decreased in TLR2 -/-mice but no difference was observed in WT mice. -/-mice was significantly lower than that in WT mice on the 7th and 14th day after ligation, but no significant difference was found on the 1st and 3rd day after ligation. 
TLR2 -/-reduced TNF-α levels and IL-6 release following ischemic injury.
To examine the effect of TLR2 deficiency on cytokine production in ischemic injury, the sera of TLR2 -/-and WT mice were collected to measure the levels of TNF-α and IL-6 1, 3, 7 and 14 days after ligation. Elevated levels of IL-6 were identified on 1, 3, 7 and 14 days after ligation in the serum of WT mice, whereas little IL-6 was found in the serum of TLR2 -/-mice (11.79±5.80 vs. 5.85±0.94 ng/ml, P=0.043; 18.91±7.03 vs. 5.80±0.80 ng/ml, P=0.021; 19.95±10.81 vs. 5.60±2.39 ng/ml, P=0.003; 13.68±7.80 vs. 4.68±0.57 ng/ml, P=0.002) (Fig. 4A) .
Similarly, TNF-α levels in TLR2 -/-mice were increased after ligation but were still significantly lower than those in WT mice on the 1st, 7th and 14th day after ligation (15.18±5.09 vs. 50.80±25.97 ng/ml, P=0.021; 27.35±9.44 vs. 44.04±9.68 ng/ml, P=0.005; 35.69±15.16 vs. 55.74±20.08 ng/ml, P=0.046) (Fig. 4B) .
Discussion
Angiogenesis is an important mechanism that protects organs against imminent danger and tissue necrosis following acute ischemic injury in various diseases. Inflammatory signaling pathways are activated even in the absence of infection and are believed to play an important role in angiogenesis during wound healing. In the ischemic tissue, damage-associated molecular patterns (DAMPs), released from necrosis cells, activates TLR2 and sterile inflammation (17) . The aim of this study, was to clarify whether the TLR2 signaling pathway induced angiogenesis to protect tissues that experienced ischemia.
Lymphocyte invasion and recruitment in the ischemic lesion are essential in inflammation and angiogenesis during ischemic injury healing. Endothelial cell adhesion, migration and permeability are also involved in this procedure. In this study, we demonstrated that TLR2 activation induced HUVEC cell migration, and increased its permeability to lymphocyte. TLR2 activation was able to promote tube formation, as well as endothelial cell invasion and migration in vitro (18) . However, lymphocytes in peripheral blood are required to cross endothelial cells to assemble in ischemic tissue in vivo. Therefore, lymphocyte invasion and endothelial cell permeability are important, but have not been extensively studied. Thus, we isolated the lymphocytes from TLR2
-/-and WT mice for invasion assay without Pam3CSK4 stimulation.
TLR2
-/-lymphocytes showed a significantly reduced invasive ability compared to WT lymphocytes. The results suggest that the TLR2 signaling pathway was involved in lymphocyte invasion and endothelial cell permeability, promoting lymphocyte recruitment and serving as important factors of angiogenesis.
Having established the role of TLR2 in cell migration, invasion and endothelial cell permeability in vitro, we assessed the association between TLR2 and angiogenesis in vivo. An acute hindlimb ischemic model was produced, and all the mice showed hindlimb disability following ligation. However, TLR2
-/-and WT mice showed different responses after ligation. On the 7th and 14th day after ligation, blood perfusion of ischemic legs in WT mice had almost recovered and showed no difference compared with non-operated legs. However, blood perfusion of ischemic legs in TLR2 -/-mice remained lower than that in non-operated and ischemic legs in WT mice. Our results suggest that TLR2 deficiency induced the delayed recovery of ischemic injury to leg muscles. Since the femoral artery was ligated and excised, the blood perfusion recovery resulted from neovascularization in ischemic muscles. To confirm our hypothesis, CD31 was used to evaluate the extent of revascularization. CD31, also known as platelet-endothelialcell adhesion molecule-1 (PECAM-1), is expressed at high density at lateral borders of endothelial cells (19) (20) (21) , and is associated with angiogenesis. The revascularization labeled by CD31 in ischemic gastrocnemius muscles showed similar results with the blood perfusion results. The TLR2 -/-mice also showed a significantly decreased expression of CD31 on the 7th and 14th day after ligation, but no difference was found on the 1st and 3rd day. These data suggested that the TLR2 signaling pathway is important in revascularization after ischemic injury, and promotes long-term recovery. After ischemic injury, inflammatory cytokine and proangiogenic factors were upregulated, and inflammatory cells including lymphocytes were recruited in ischemic tissue. In TLR2 -/-mice, the ability of cytokine recognition and arteriogenesis activation was apparently impaired, and the reduced blood flow eventually induced the delayed recovery of the ischemic legs. The importance of the TLR2 signaling pathway was not detected at the earlier period of ischemic injury, but was strongly verified in long-term revascularization.
A number of studies have clarified the relationship between inflammatory cytokines and angiogenesis (22) (23) (24) (25) (26) (27) . Additionally, TLR2 signaling contributed to the production of TNF-α and IL-6 (28) (29) (30) . In the present study, we investigated whether TNF-α and IL-6 were associated with differences in angiogenesis between TLR2 -/-and WT mice. Expression of TNF-α and IL-6 in TLR2 -/-mice was reduced in both the early and long-term period of ischemic injury. These findings suggest that the production of inflammatory cytokines in ischemic injury depend on TLR2 expression in the host. After TLR2 -/-, the upregulated expression of NF-κB and AP-1 in the nucleus after zero-flow ischemia may apparently be reduced (31, 32) , causing the transcription and expression of cytokine proteins (33) to be lower in TLR2 -/-mice compared to those of WT mice. In the earlier period of ischemic injury, levels of TNF-α and IL-6 in WT mice were higher than those in TLR2 -/-mice. However, the formation of new vessels was complicated and slow; therefore, detectable blood reperfusion and new vessels in ischemic legs showed no differences. The ischemic injury in WT mice had already recovered by the 7th day after ligation. However, the neovascularization process in TLR2 -/-mice was significantly slower due to lack of cytokines. Furthermore, lymphocyte invasion was reduced in TLR2 -/-mice. Our data suggest that TLR2 is important in recovery of the ischemic injury, and that it is closely associated with cytokine production and angiogenesis promotion of TLR2.
In conclusion, we have demonstrated that TLR2 activation promoted endothelial cell migration, cell permeability and lymphocyte invasion. TLR2 activation promoted angiogenesis in vivo, which was connected to the serum of TNF-α and IL-6 release, and lymphocyte invasion. These findings provide evidence that the TLR2 signaling pathway is potentially a new target for treating ischemic disease. Future studies should be performed to clarify the intracytoplasm mechanism.
